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硼杂苯 (Bb) (boratabenzene) 是含 6 个  电子的芳香性杂环，其配位行为







第二章为硼杂苯钌配合物 (6-C5H5BCCPh)Ru(PPh3)2Cl (2-4) 的反应性质
研究。考察了化合物 2-4 与不同炔基亲核试剂及醇类亲核试剂的反应，发现亲核
试剂先进攻 B，再通过分子内的苯乙炔基迁移至 Ru 中心得到一些列 B 上发生亲
核取代产物。研究了炔基配合物 (6-C5H5BCCPh)Ru(PPh3)2(C≡CPh) (2-5)与亚
乙烯基化合物 {(6-C5H5BCCPh)Ru(PPh3)2(=C=CHPh)}BF4  (2-9)的相互转化关
系。考察了化合物 2-4 与 3-丁炔-1-醇等 ω-炔醇反应，得到硼杂苯钌卡宾化合物。
合 成 了 乙 腈 配 合 物 (6-C5H5BCCPh)RuCl(CH3CN)PPh3 (2-12) 和
{(
6
-C5H5BCCPh)RuCl(CH3CN)2}PF6  (2-13)。同时，通过化合物 2-11 与苯乙炔
反应合成了亚乙烯基化合物 (6-C5H5BCCPh)RuCl(=C=CHPh)PPh3  (2-14)。化
合物 2-14 加热后会转变为环金属化烯烃配位产物 2-15 ，从而验证了
(
6


































-C5H5BPh)Ru(PPh3)(CH3CN)Br (3-13) 和  {(
6
-C5H5BPh)Ru(PPh3)2(CH3CN)} 




















Boratabenzenes are six-membered aromatic borataheterocycle bearing six 
π-electrons, which are isoelectronic and isostructural with the ubiquitous 
cyclopentadienyl ligands. Their coordination properties are similar to that of Cp. In 
addition, it is easier to modulate their electronic contributions by the choice of the 
exocyclic substituent on boron.In this thesis, a series of half-sandwich ruthenium 
complexes with boratabenzene ligands and relevant complexes have been synthesized 
and well characterized. The reactivities of some complexes have also been studied. 
This thesis consists of the following three chapters: 
In chapter 1, the research progress of boratabenzene complexes including the 
synthetic methods, organometallic chemistry and catalytic activities are briefly 
introduced. The reactivities of CpRuCl(PPh3)2 are also summarized. In addition, the 
objectives of this thesis are presented. 
Chapter 2 is mainly about of the reactivities of boratabenzene complexes 
(
6
-C5H5BCCPh)Ru(PPh3)2Cl (2-4). Neucleophilic substitution reaction of 2-4 with 
different alkynyl neucleophiles and alcohol neucleophile have been investigated, 
which probably proceeded via neucleophile attack at the boron atom followed by 
intramolecular migration of the phenylalkynyl from boron to the ruthenium center to 
give a series of boratabenzene ruthenium complexes with different alkynyl 
substituents at boron. The interconversion between the acetylide complex 
(
6
-C5H5BCCPh)Ru(PPh3)2(C≡CPh) (2-5) and the vinylidene complex 
{(
6
-C5H5BCCPh)Ru(PPh3)2(=C=CHPh)}BF4  (2-9) has also been investigated. 
Boratabenzene ruthenium carbene complexes were obtained quantitatively from the 
reactions of complex 2-4 with ω-alkynols. In addition, the acetonitrile complex 
(
6
-C5H5BCCPh)RuCl(CH3CN)PPh3 (2-12) has been synthesized. Treatment of 
complex 2-12 with PhC≡CH yielded the expected ruthenium vinylidene complex 
(
6
















solution, led to the formation of the alkenyl-phosphonio product 2-15, thereby 
supported the proposed mechanism for the formation of 2-15 from the reaction of 2-4 
with terminal acetylenes. Treatment of complex 2-14 with PPh3 led to the 
isomerization of the vinylidene ligand to terminal alkyne. 
In chapter 3, the synthesis and reactivity of (
6
-C5H5BPh)Ru(PPh3)2Br (3-8) 
have been studied. The phenyl-boratabenzene was synthesized, which was allowed to 
react with RuCl2(PPh3)3 directly without isolation to afford the phenyl-boratabenzene 
ruthenium complexe 3-8. Complex 3-8 could undergo ligand substitution reactions 
readily with dppf or PMe3. The reactions of complex 3-8 with hexyne or HC≡CTMS 










-C6H4PPh2HC=CH2)] (3-12). Acetonitrile complexes 
(
6
-C5H5BPh)Ru(PPh3)(CH3CN) Br (3-13) and {(
6
-C5H5BPh)Ru- 
(PPh3)2(CH3CN)}PF6 (3-14) have been obtained. It is interesting to find that 
complexe 3-13 could be dimerized via ligands redistribution upon heating in solution. 
In chapter 4, the research work of the thesis is concluded. 
 


















自从 1827 年丹麦哥本哈根大学的 W. C. Zeise 制得第一个公认的有机过渡金







(boratabenzene，borabenzene) 是含 6 个电子的芳香性杂环，可作为 Cp 的等电
子配体 (Scheme 1.1)，表现出和环戊二烯基极为相似的配位化学性质，能和许多





































配合物(5-C5R5)RuXL2 (X = Cl, Br; L = 2e donor ligand)的研究进展进行简要介
绍。 
 
1.2 Boratabenzene 化学 
1.2.1 配体的合成 
 1970 年，Herberich[8a]等人报道了首例硼杂苯的衍生物 1-2 的合成。二茂钴
1-1 与烷基二卤化硼 RBX2 反应得到新奇的 BR 基团插入到 Cp 环中的硼杂苯配合
物 1-2 及少量的 1-3。后来研究发现这些硼杂苯配合物可以被氰化物 MCN 分解



























1-5 1-6  
Scheme 1.3 
1996 年， Fu[10a] 等人又在此基础上发展了一个合成中性的硼杂苯 
















列阴离子亲核试剂反应得到硼上带不同取代基  (H, NR2, OR, PR2)的硼杂苯盐
(C5H5B-Nu)
-  















( Nu = H, CCSiMe3, NMe2, OEt, PPh2 )
1-7 1-8  
Scheme 1.4 
1.2.2 Boratabenzene 配合物的合成 
离子性硼杂苯配体 (boratabenzene，Bb) 与金属卤化物 MXn 反应是制备其
配合物的常用方法，能和很多过渡金属形成类茂配合物。用类似的方法可以很方
便得制备 V[11]、Cr[12]、Zr[13] 、Fe[14]、Ru 和 Os[15]的硼杂苯基夹心型化合物 (Scheme 
1.5)。 







M=V,Cr，Fe，Ru，Os, Zr    
                             Scheme 1.5 
 
例如 C5H5BRLi (1-9)与 FeCl2
[16]反应很容易生成夹心型硼杂苯配合物 1-10，
同样，与 ZrCl4


















R1 = Pha R2 = NiPr2


















从离子性硼杂苯前体中性的硼杂-2,5-环己二烯基配体 1-12[18] (Scheme 1.7)
以及从中性的硼杂苯配体 1-7 [19] (Scheme 1.8) 出发，也是合成硼杂苯配合物的
有效方法。  
























1-7                                  
Scheme 1.8 
 
    有关钌的硼杂苯化合物的报道只有很少几例 (Fiure 1.1)[20][21]，且都为三层夹
心型 或 夹 心型 的 配合 物 。 例如 2011 年报 道的 低 聚物 [Cp*RuCl]4 和
1-boratabenzonitrile













a R = CH3


























1.2.3 Boratabenzene 配合物的金属有机化学性质 
1．环化反应 
硼杂苯锆的配合物 (1-14) 能与炔烃发生特殊的环化反应[23]。该反应过程被
认为是先经过金属杂环戊二烯的中间体 (1-15)，接着发生 Zr-C 键迁移至亲电性













件下能发生扩环反应[24]，生成 η8-BCOT (boratacyclooctatetraene) 配位的化合物













1-17 1-18  
                    Scheme 1.11 
 
2 配位反应 
2008 年，Chen[25]小组于报道了 Bb-PMe3 与镱的氨化物反应得到 -CH2PMe2 
桥连的手柄型 (ansa) 配合物 1-19。这个化合物中同时含有中性和离子性两种硼
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